A test setup was built to identify the ignition of jet fuel vapor-air mixtures within an insulation media and induced by a hot duct surface. The external diameter of the duct was 76.2 mm (3 inches) and covered with a 12.7 mm (0.5 inch) layer of ceramic fiber insulation, which had its pores completely filled with fuel vapor and air mixtures. The ignition was detected by thermocouples installed in insulation media and confirmed by chromatography and mass spectrometry. In order to design the experimental apparatus and allow behavior investigation in other operational conditions, a mathematical model was developed.
INTRODUCTION
A combustible mixture can be ignited spontaneously and almost simultaneously through its volume if it is heated to a certain temperature. According to ASTM E 659-78 definition, autoignition is the lowest temperature to which a combustible mixture must be raised so that the rate of heat generated by the exothermic oxidation reactions will over-balance the rate of heat transfer to surroundings and cause ignition 1 . On the other hand, external agents like electrical discharge; heat transfer from hot surfaces to the combustible mixture and pilot flames can induce a forced or non-spontaneous ignition.
In aircraft environmental control system installations, the hot and compressed engine bleed air is delivered to the pneumatic users, such as environmental control unit packs and airfoil ice protection systems, by a duct network that extends along aircraft.
Some system installations may have bleed ducting passing through zones in the neighborhood of a fuel tank that can have fuel vapor in some concentration. A jet fuel vapor ignition process will be initiated by a hot surface of a bleed system ducting, or component, if the heat transfer from the hot surface cause enough increase of fuel vapor-air mixture temperature.
Several factors can influence a hot-surface ignition such as geometry, heat transfer by radiation, convection and conduction, properties of the fluid near the wall, chemical kinetics. The threshold ignition temperatures can be compared only when considering similar installations, operational and environmental conditions 1, 2 .
In the 60´s, the Royal Aircraft Establishment (RAE) performed an original and extensive research program to investigate the ignition of aircraft fuels. Cansdale and Macdonald 3 continued and extended the research work covering the fuel liquid and vapor ignition developed at RAE.
In previous researches, Macdonald and White 4 tested kerosene fuel vapor ignition inside uniformly heated vessels and Macdonald 5 investigated ignition promoted by hot ducts. In the last reference, the ducts were placed horizontally into a spherical enclosure with controlled wall temperatures and filled with fuel and air mixtures.
Botteri et al edited a comprehensive review of aircraft fire safety issues, including fuel vapor ignition 6 , as result of NATO´s AGARD Propulsion and Energetics Panel Working Group 11 tasks.
OBJECTIVE
The main objective was to investigate the jet fuel vaporair mixture ignition phenomena induced by a hot surface within a duct thermal insulation. The ignition occurrence characterization was performed with the measurement of temperature profile distortion promoted by the reaction processes in the duct insulation media. Therefore, the intention was to start exploring the subject in order to provide insights for future works, indicate trends, and discuss practices but not to define any criteria for design.
MAIN SECTION

REFERENCE CASE
A reference case was defined to approximately represent an actual aircraft engine bleed air system installation and to specify the physical conditions for the mathematical model formulation. Conservative assumptions for geometry and physical phenomena were made in order to simplify the mathematical model and test setup. Therefore the numerical results and the experimental data presented herein apply only to similar geometry and conditions.
The reference case duct assembly (Fig. 2) consisted of the following geometry, from inside to outside: a 76.2 mm (3 inches) external diameter stainless steel engine bleed air system duct with 0.9 mm (0.035 inches) thickness; 12.7 mm (0.5 inch) thickness ceramic wool insulation; 0.025 mm (0.001 inches) thickness stainless steel shield foil, which was installed to protect mechanically the insulation media. When considering a insulated bleed duct installed in a confined fuel vapor zone, the vapor can enter in contact only with the external shield of stainless steel foil, which is at temperature T sh higher than ambient temperature T amb and lower than T duct and T bleed due to insulation thermal resistance; where T amb is ambient temperature where the duct is installed; T sh is the temperature of the stainless steel shield surface; T duct is the temperature of bleed air duct surface; T bleed is the mean bleed air temperature. The insulated bleed duct assembly is shown in Fig.2 .
In actual installations, if the shield is damaged, exposing the insulation to the environment, the fuel vapor present in compartment will migrate into insulation media by mass diffusion. In the reference case, the insulation media is uniformly filled with fuel vapor-air mixture at 94 kPa. This assumption is conservative because it is unlikely to occur in actual installation.
The ambient temperature T amb is equal to 28 °C in the reference case. The results extrapolation, to a different ambient (i.e. different thermal boundary conditions: temperature, heat flux or heat transfer processes), can be performed by using a numerical code.
The aviation fuels Jet A, Jet A-1 and JP-8 have similar chemical composition and distillation curve. The main differences among them are the additives to modify antistatic, anti-corrosion and anti-freezing properties 2 . The Fig. 1 shows a fuel vapor composition estimative considering ASTM D2887 distillation curve for Jet A/JP-8 fuels at 85 °C 7, 8 , which is the fuel vapor generation condition in the reference case. The fuel vapor composition is more than 90% in weight of hydrocarbons from C 7 to C 11 .This liquid fuel composition is very similar to the mass spectrometry and chromatography data presented by Shepperd 9 . For the mathematical model simplification purposes, these hydrocarbons were modeled separately as paraffin's C 7 to C 11 . This assumption was adopted to keep the mathematical model simple and save computational time. Table 1 shows a basic comparison between the experimental conditions of Macdonald 5 and the used for the reference case formulation.
In the reference case, the fuel vapor is generated at T gen = 85 °C but the ambient is T amb =28 °C, which was imposed by experimental limitations. Although this condition is not realistic, the variation of duct temperature that promotes ignition with variation of T amb is not steep and can be accurately calculated with a numerical code.
Additionally, the fuel vapor-air mixture fed into the insulation media was at constant supply temperature, T sup , which was higher than 85 °C for the reference case. Thus, the maximum fuel vapor volumetric concentration within test body was dictated by saturation of insulation media with fuel vapor-air mixture generated at T gen =85 °C.
MATHEMATICAL MODEL DESCRIPTION
A mathematical model was formulated for the determination of the duct wall temperature, T duct , which induces the ignition of the fuel vapor-air mixture contained in the insulation media. The proposed model is one-dimensional and is based on the first law of thermodynamics. The transfer of heat in the thermal insulation region was modeled as conductive. The form of the first law used is
Where k is the effective thermal conductivity of the medium (gas + insulation material), T is the local temperature, ρ is the medium's density, c p is the medium's specific heat at constant pressure, t is the time and q ′ ′ ′ & is the volumetric rate of heat generation, which is produced by the chemical reactions that can occur within the insulation media.
The quality of the simulation results clearly depends on the behaviour of the chemical kinetics model for the fuel vapour reaction with air. Simmie 10 indicates that the fuel vapor must be modeled because its multi-component composition precludes the detailed analysis of the chemical processes. Cathonnet et al. show that the Jet A fuel can be modeled as decane in the ignition studies 11 . However, this work focused on presenting undecane as the fuel vapor in the computations because it provided the lowest ignition temperature for the reference case. Therefore, this choice is in direction of safety and simplifies the results presentation satisfactorily. The chemical kinetics model developed for this work is valid for undecane and is based on a reduced scheme of 14 basic chemical reactions. The procedure utilized for the construction of the model is an extension of the described by Mulholland et al 12 and is far simpler than the used by Cathonnet et al 11 . The chemical reaction model and the kinetics empirical constants were tuned to represent the reactions rates in the intermediate range of temperatures (320 to 730 °C) and reproduce the results of ignition tests in standard methods. At temperatures lower than 430 °C, it is considered the intermediates as hydroperoxides and the formation of oxygenated compounds. The chemical model reproduces a general negative temperature coefficient in this temperature range (a characteristic of the cool flame regime). At temperatures higher than 430 °C we consider the existence of lighter hydrocarbons as majors intermediates and the main products are carbon oxides and water. The present mathematical model does consider the thermal coupling; however, it neglects the chemical coupling between the wall hot surfaces and gas.
The equation for the determination of species i mass fraction, mf i , in the porous media is
where D im is the diffusivity of i in the mixture and i R ′ ′ ′ & is the volumetric rate of generation of species i in the medium.
As analytical solution of the proposed model is not possible, the thermal insulation was discretized in more than 100 concentric control volumes with same thickness. For each control volume, the related algebraic equation, with the chemical kinetics model, is solved with an increment of time that produces stable numerical solution. The numerical procedure used in the solution is fully conservative and all results are checked. The discretizations in space and time are independent. The boundary condition used is the following: the temperature of the outer surface of the tube is known and the heat flux at the outside surface of the insulation protection is equal to the heat flux transferred t o the ambient by convection and radiation. These surfaces are also considered as barriers to mass transfer.
The initial condition is the following: at time t = 0, the pores of the insulation media are uniformly filled with a undecane vapor-air mixture and the distribution of the temperature of the mixture was equal to temperature distribution of the insulation media (steady state regime temperature distribution).
The ignition of the mixture had been detected when we observed a temperature distortion in the original distribution. Essentially, the approach used is equal to the Frank-Kamenetski´s thermal runaway mathematical model 13, 14 . The basic difference between the FrankKamenetski model and the adopted herein is the use of a more refined chemical kinetics model for the chemical reactions.
NUMERICAL RESULTS
The numerical simulation generated minimum temperature at duct surface, T duct , for undecane ignition in order to guide the design of experimental apparatus and to define the operational procedures. These preliminary numerical results, presented in Fig.3 , were obtained before experiment.
The numerical code was run to simulate the experimental setup with reference ambient temperature and a hotter ambient. Approximately, the latter can also represents a condition where the insulated duct is enclosured in a compartment. In Fig. 3 , the upper curve represents the numerical results for reference case condition: ambient temperature T amb = 28 °C, 94 kPa insulation media internal pressure and vapor generation temperature T gen = 85 °C. The lower curve represents the numerical results for a hot ambient condition, when the ambient temperature is T amb =85 °C, 94 kPa pressure and vapor is generated at T gen =85 °C. These curves show the influence of ambient temperature on the mean duct temperature that induces the ignition.
The lower vapor volumetric concentration limit shown in Fig. 3 was defined based on the fuel vapor-air mixture lean threshold, which is the lower limit of flammability. The upper undecane vapor volumetric concentration limit was defined considering a saturated mixture of vapor fuel and air at generation temperature, T gen =85 °C, which represents the most severe condition considered.
According to numerical results presented in Fig. 3 , the ignition for undecane vapor occurs when duct surface temperature, T duct , is 568 °C. In this condition, the vapor volumetric concentration is 2.5% with jet fuel vapor generation at 85 °C and ambient temperature at 85 °C.
TEST DESCRIPTION
A test setup was proposed considering the geometry defined by the reference case, preliminary sensitivity analysis supported by numerical simulation and test facility constraints. The test body consisted of a 76.2 mm diameter by 500 mm long stainless steel duct with 12.7 mm-ceramic wool insulation thickness protected by a 0.025 mm stainless steel foil. The duct and shield assembly was sealed and tested for leakage. An electrical heater was installed inside the duct to control the duct wall surface temperature. The test body is shown in Fig. 4 .
One glass balloon heated uniformly by an electrical bath (with a digital temperature control) generated fuel vapor at constant temperature. Two electrical diaphragm compressors and a ducting were used to deliver mixture of pre-heated air and fuel vapor into the test body, as shown in Fig. 5 . The diaphragm compressors fed mixture into insulation media during the heating ramp until the temperature initial level. After reaching a steady state regime, the experimental runs were performed. When the ignition was not detected, a new heating ramp was imposed and the experiment repeated at 10 °C higher temperature level.
In order to prevent condensation, both ducting fuel vapor and air lines were properly insulated and heated with temperature controlled electrical traces.
The main ignition process effect to be detected during tests was the temperature profile distortion within the insulation media (mainly in the region adjacent to duct surface). In addition, chemical analyses were used to double-check the temperature results and also to quantify the components of combustion products.
The flammability of the vapor fuel-air mixture was verified in every run by forcing the ignition at the upstream sampling port, which is indicated in Fig 6. A pilot flame could ignite all fuel vapor-air mixtures.
EXPERIMENTAL RESULTS
Four test batches were carried out to detect the fuel vapor ignition. Each batch had several runs and sub-runs by variation of the main parameters such as fuel-air ratio, duct wall temperature and vapor generation temperature. The first three batches were exploratory runs performed to define the best operational procedures.
The Figs. 7, 8, and 9 show a typical example of the temperature traces history of mean duct surface, mean insulation media and external shield for test run 4.3. This case had an insulation media profile distortion caused by ignition when the initial mean duct surface temperature was 730 °C, fuel vapor volumetric concentration in insulation media was 0.6% and fuel vapor generated at 85 °C. A general view of the process development can be viewed in Fig. 7 . The amplified traces for mean insulation media and mean duct surface temperatures were shown in Figs. 8 and 9. In this case run, the mean temperature increases promoted by ignition were 10 °C in insulation media and 7 °C in duct surface while the external shield temperature was practically constant.
The two diaphragm compressors fed the insulation media with fuel vapor-air mixture during all test run 4.3 data acquisition interval. It was very difficult to detect combustion without fuel vapor-air mixture continuous feeding to test body because the thermal effects of the ignition could not be accurately measured by the instrumentation available. In the whole test campaign, the lowest mean duct surface temperature, at which ignition could be detected, was 680 °C when an insulation media temperature was 521 °C, fuel vapor volumetric concentration of 2.5% and had temperature rise of 10 °C (test run 4.1) at reference case conditions.
The 
CHEMICAL ANALYSIS RESULTS
During test batch 4, including test run 4.3, the fuel vaporair mixture was mainly composed of benzene, octane, cyclohexane compounds (such as trimethylcyclohexane), heptane compounds and nonane.
The mixture discharged was sampled to check existence of any combustion products. As expected a mixture of carbon dioxide with remaining octane, nonane, cyclohexane, heptane compounds and benzene was detected.
EXPERIMENTAL UNCERTAINTIES
The maximum experimental error associated to temperatures was less than 2 °C; pressure was less than 50 Pa and fuel vapor volumetric concentration was less than 0.1%.
DISCUSSION
The difference between numerical simulated results and correspondent experimental data are presented in Fig.  10 . For this comparison, it was used an ambient temperature of 28 °C, supply temperature of 85 °C with fuel vapor generated at 85 °C, i.e., the simulation and experiment were run at reference case boundary conditions.
The major cause for the deviations shown in Fig.10 is the choice of undecane as Jet-A fuel vapor surrogate. As can be seen in Fig. 10 , the mean duct surface promoted ignition in nonane vapor-air mixture at higher temperatures than undecane but lower than verified the experimental data. The chemical analysis also shows that fuel vapor was composed by lighter hydrocarbons than undecane and nonane. This presence of light hydrocarbons increased the temperature where ignition occurred.
Despite the temperatures obtained for undecane simulated results were lower than experimental data, as shown in Fig. 10 , the adoption of undecane vapor, to represent Jet-A fuel vapor generated at 85 °C, was demonstrated to be appropriated because it leaded to conservative results.
The temperatures, which ignition was detected in experiment, could be lowered if the fuel vapor-air were enriched, i.e., if the fuel vapor volumetric concentration were increased within insulation media. However, a richer mixture is not applicable to the reference case because the saturation of fuel vapor-air mixture at 85 °C limited the maximum fuel vapor volumetric concentration.
In Fig. 8 , a well-defined temperature rise of 10 °C is described in insulation media, which characterizes an ignition process occurrence. Despite the fact the continuous feeding of mixture helped to identify an ignition occurrence in experiment, it leaded to a nonrealistic situation. Actually, the compressors filled the insulation pores with combustible mixture at higher rate than expected in a natural diffusion process. Thus, the continuous feeding of mixture into insulation media by the diaphragm compressors leaded to: 1) the magnitude of temperature rise with continuous supply (10 °C) was higher than with no supply (< 2 °C); 2) the duration of the temperature rise was artificially extended by sustaining combustion within insulation media. However, these two consequences of having the diaphragm compressors working all the time were conservative.
In Fig.10 , the maximum fuel vapor volumetric concentration plotted was defined by the undecane vapor saturation limit at 85 °C, which is approximately 2.5%. Even if the nonane and experimental plots continued to higher values than 2.5%, the undecane vapor would still remain as the lowest temperature curve in Fig.10 . Therefore, the use of undecane as jet fuel vapor chemical surrogate provided mean duct temperature results in direction of safety.
Cansdale and Macdonald 3 and Macdonald 5 investigated ignition of Avtur (UK aviation kerosene similar) vapor promoted by a hot duct surface with no thermal insulation media. In the first reference the fuel vapor was generated at 300 °C and in the second at 220 °C. In one of the experimental configurations, the two references used a 76 mm diameter pipe enclosed in a sphere with temperature-controlled walls. The duct temperature found, which promoted ignition, was in the range 280 to 370 °C with sphere wall temperature varying from 200 to 25 °C, respectively. The initial pressure was 101.4 kPa and fuel vapor volumetric concentration was the optimum value for the lowest duct temperature, for first reference, and varied from 7% to 28%, for the second reference. The authors found ignition at different duct surfaces temperatures than the present numerical results and experimental data because:
1. The fuel vapor was generated at a temperature which vaporized all liquid fuel fractions; 2. The fuel vapor volumetric concentration was always higher than considered in the reference case; 3. The duct had no thermal insulation media, i.e., the bare duct was exposed directly to the fuel vapor; 4. The heat transfer processes and thermal boundary conditions were different.
The experimental and numerical results presented herein are comparable with results for Jet A fuel vaporair mixture ignition induced by hot manifold surface (non insulated duct) presented by Botteri et al. 6 , which was 649 °C for 0.6% to 4.6% in volumetric concentration.
Due to the different test apparatus geometry, heat transfer rate, fuel composition or structure, fuel-air ratio, hot surface material type, the experimental data and numerical results presented herein are higher than ASTM E 659-78 autoignition temperature 1 (AIT), which is typically 224 °C for Jet A fuel 6 .
Also, all open literature researched 3, 5, 6, 15, 16 reported non-insulated duct (bare) surface temperatures, which promoted ignition in fuel vapor-air mixtures, above AIT. In fact, the AIT is close to the lowest temperature necessary to ignite fuel-air mixtures in any experimental conditions.
CONCLUSIONS
The tests covered a wide range of conditions including pre-ignition, ignition and combustion processes for several jet fuel vapor-air volumetric concentrations and duct surface temperatures at reference case conditions. The numerical simulation results were compared with experimental data. As expected, the numerical code predicted lower mean duct surface temperatures to promote ignition than measured in tests. This was due to the conservative choice of undecane as jet fuel vapor surrogate and the boundary conditions assumed.
Experiments performed by previous authors 3, 5, used a non-insulated (bare) duct to promote ignition in the fuel vapor mixture obtained by complete vaporization of all or most of liquid fuel. On the other hand, the present paper analyzed the fuel vapor ignition within a duct thermal insulation media, which was filled with fuel vapor-air saturated mixture. Differently from previous researches, the present reference case had: the fuel vapor obtained by partial vaporization of fuel liquid fractions; the lines heated to prevent condensation; the fuel vapor volumetric concentration maximum value defined by the mixture saturation limit; the insulation media pores filled with saturated mixture of fuel vapor and air provided at constant rate.
The tests indicated that mean duct surface temperature to promote ignition was in range 680 to 730 °C. Therefore, the temperature range presented herein is coherent with literature values found for ignition induced by hot duct 3, 5, 6 but it is higher than AIT. Cansdale and Macdonald 3 also analyzed the reasons for deviation of the experimental results from AIT and concluded that: "While the most favourable conditions for ignition by hot surface e xist in a uniformly heated enclosure, this isothermal situation is unlikely to exist in practice. In a non-uniformly heated environment the surface temperature needed for ignition can be appreciably higher than that required in the isothermal vessel, and still higher if forced convection or a ventilating flow is employed".
In the same direction than conclusions presented herein, Fisher 17 can be also literally quoted: "A reasonable question is 'What is the spontaneous ignition temperature for an aircraft fuel?' A short answer is that it seems to be about 450 °F, but as usual the 'short answer' is not the 'complete answer', which is more nearly 'It depends…'".
